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AGILE HOSTPOOL ALLOCATOR

CROSS-REFERENCED TO RELATED
APPLICATIONS

This application 1s a continuation of co-pending U.S.
patent application Ser. No. 13/308,841, filed Dec. 1, 2011.
The aforementioned related patent application i1s herein
incorporated by reference 1n 1ts entirety.

BACKGROUND

Field of the Invention

Embodiments of the present invention generally relate to
stream applications. Specifically, the invention relates to
assigning or pinning a compute node to a hostpool when
establishing a stream application.

Description of the Related Art

While computer databases have become extremely
sophisticated, the computing demands placed on database
systems have also increased at a rapid pace. Database
systems are typically configured to separate the process of
storing data from accessing, manipulating or using data
stored 1n the database. More specifically, databases use a
model where data 1s first stored, then indexed, and finally
queried. However, this model cannot meet the performance
requirements of some real-time applications. For example,
the rate at which a database system can receive and store
incoming data limits how much data can be processed or
otherwise evaluated. This, in turn, can limit the ability of
database applications to process large amounts of data in
real-time.

SUMMARY

Embodiments of the present invention generally relate to
stream applications. Specifically, the invention relates to
assigning or pinning a compute node to a hostpool when
establishing a stream application.

Embodiments of the present invention include a com-
puter-implemented method, system, and computer readable
storage medium for allocating a processing element selected
from a plurality of processing elements to a compute node.
The method, system, and storage medium include determin-
ing eligible compute nodes that can be assigned to a hostpool
associated with the processing element, where the hostpool
defines a set of one or more compute nodes, and the compute
nodes comprise one or more computer processors. The
method, system, and storage medium also include selecting,
based on constraints associated with the processing element,
a suitable compute node from the eligible compute nodes.
The method, system, and storage medium also 1include
allocating the processing element to the suitable compute
node and assigning the suitable compute node to the host-
pool where the plurality of processing elements establish an
operator graph of the plurality of processing eclements.
Further, the operator graph defines at least one execution
path where at least one of the processing elements of the
operator graph 1s configured to receive data from at least one
upstream processing element and transmit data to at least
one downstream processing element.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

So that the manner 1n which the above recited aspects are
attained and can be understood in detail, a more particular
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2

description of embodiments of the invention, briefly sum-
marized above, may be had by reference to the appended

drawings.

It 1s to be noted, however, that the appended drawings
illustrate only typical embodiments of this invention and are
therefore not to be considered limiting of 1ts scope, for the
invention may admit to other equally eflective embodi-
ments.

FIGS. 1A-1B 1illustrate a computing infrastructure con-
figured to execute a stream application, according to one
embodiment of the invention.

FIG. 2 1s a more detailed view of the hosts of FIGS.
1A-1B, according to one embodiment of the imnvention.

FIG. 3 1s a more detailed view of the management system
of FIG. 1, according to one embodiment of the imnvention.

FIGS. 4A-4B illustrate tables detailing the assignment of
hosts to hostpools, according to embodiments of the mven-
tion.

FIG. 5 1s a flow diagram 1llustrating the assignment of one
or more hosts to a hostpool, according to embodiments of
the 1nvention.

FIG. 6 illustrates a constraint tree for applying constraints,
according to one embodiment of the invention.

FIG. 7 1s a tflow diagram 1illustrating the process of
determining candidate hosts for a processing element,
according to one embodiment of the invention.

FIG. 8 1s a flow diagram illustrating the process of
assigning or pinmng a host to an mdex value of a hostpool,
according to one embodiment of the invention.

DETAILED DESCRIPTION

Stream-based computing and stream-based database com-
puting are emerging as a developing technology for database
systems. Products are available which allow users to create
applications that process and query streaming data before 1t
reaches a database file. With this emerging technology, users
can specily processing logic to apply to imbound data
records while they are “in flight,” with the results available
in a very short amount of time, often in milliseconds.
Constructing an application using this type of processing has
opened up a new programming paradigm that will allow for
a broad variety of innovative applications, systems and
processes to be developed, as well as present new challenges
for application programmers and database developers.

In a stream application, operators are connected to one
another such that data flows from one operator to the next
forming a logical datatlow graph. Scalability 1s reached by
distributing an application across compute nodes by creating
many small executable pieces of code—i.e., processing
clements (PE)—as well as load balancing among them. One
Oor more operators 1n a stream application can be fused
together to form a PE. Doing so allows the fused operators
to share a common process space (1.e., shared memory),
resulting 1n much faster communication between operators
than 1s available using inter-nodal communication protocols
(e.g., using a TCP/IP). Further, groups of processing ele-
ments—1.e., jobs—can be mserted or removed dynamically
from one or more applications performing streaming data
analysis.

One advantage of stream applications 1s that they allow
the user to granularly control the process flow of data
through the application. In other words, the user may
designate specific operators for each PE that perform various
operations on the mmcoming data, and may dynamically alter
the stream application by modifying the operators and the
order 1n which they are performed.
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Additionally, a stream application may use a hostpool
when assigning each PE to a compute node. Stated simply,
the PE 1s a portion of the stream application that 1s assigned
to execute on a particular host—i.e., a compute node with
the necessary hardware to perform the software functions
defined by the PE. The allocation of the PEs onto the
available hosts determines the runtime characteristics of the
stream application—e.g., performance, availability, efc.
PEs, operators, hostpools, jobs, and even hosts may have
associated constraints that dictate the runtime characteristics
of the stream; for example, whether the PE can be placed on
a host that 1s also executing other PEs or whether two PEs
must be placed on the same host. The first constraint may
increase the availability of the stream application while the
second may 1ncrease 1ts performance.

A hostpool 1s generally a collection of hosts that have
been assigned to PEs. The hostpool provides the stream
application with flexibility when selecting a host for a PE. A
stream application may fail 11 all the PEs cannot be assigned
to a host while simultaneously meeting all of the associated
constraints. Instead of a developer specifically assigning
cach PE to a specific host (a daunting task for stream
applications that include thousands of PEs) the developer
may tag or label a host based on a particular characteristic
of the host (1.e., high-memory, multiple processor cores,
etc.). The hostpools may be similarly tagged based on
whether the PEs associated with the hostpool should be
allocated to a particular type of host. If a hostpool and host
share the same tag, the host 1s a candidate for the hostpool.
The stream application may then evaluate each of the
candidate hosts to determine if they meet the constraints
assigned to a PE. If so, the host may be assigned or pinned
to that hostpool. If the stream application 1s able to assign all
the PEs of a stream application to a host 1n the hostpool then
the stream application has successiul been established.

In the following, reference 1s made to embodiments of the
invention. However, 1t should be understood that the inven-
tion 1s not limited to specific described embodiments.
Instead, any combination of the following features and
elements, whether related to diflerent embodiments or not, 1s
contemplated to implement and practice the invention. Fur-
thermore, although embodiments of the invention may
achieve advantages over other possible solutions and/or over
the prior art, whether or not a particular advantage 1s
achieved by a given embodiment 1s not limiting of the
invention. Thus, the following aspects, features, embodi-
ments and advantages are merely 1llustrative and are not
considered elements or limitations of the appended claims
except where explicitly recited in a claim(s). Likewise,
reference to “the invention” shall not be construed as a
generalization of any inventive subject matter disclosed
herein and shall not be considered to be an element or
limitation of the appended claims except where explicitly
recited 1n a claim(s).

As will be appreciated by one skilled 1n the art, aspects of
the present invention may be embodied as a system, method
or computer program product. Accordingly, aspects of the
present invention may take the form of an entirely hardware
embodiment, an entirely software embodiment (including
firmware, resident soitware, micro-code, etc.) or an embodi-
ment combining software and hardware aspects that may all
generally be referred to herein as a “circuit,” “module” or
“system.” Furthermore, aspects of the present invention may
take the form of a computer program product embodied in
one or more computer readable medium(s) having computer
readable program code embodied thereon.
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4

Any combination of one or more computer readable
medium(s) may be utilized. The computer readable medium
may be a computer readable signal medium or a computer
readable storage medium. A computer readable storage
medium may be, for example, but not limited to, an elec-
tronic, magnetic, optical, electromagnetic, infrared, or semi-
conductor system, apparatus, or device, or any suitable
combination of the foregoing. More specific examples (a
non-exhaustive list) of the computer readable storage
medium would include the following: an electrical connec-
tion having one or more wires, a portable computer diskette,
a hard disk, a random access memory (RAM), a read-only
memory (ROM), an erasable programmable read-only
memory (EPROM or Flash memory), an optical fiber, a
portable compact disc read-only memory (CD-ROM), an
optical storage device, a magnetic storage device, or any
suitable combination of the foregoing. In the context of this
document, a computer readable storage medium may be any
tangible medium that can contain, or store a program for use
by or 1n connection with an instruction execution system,
apparatus, or device.

A computer readable signal medium may include a propa-
gated data signal with computer readable program code
embodied therein, for example, in baseband or as part of a
carrier wave. Such a propagated signal may take any of a
variety of forms, including, but not limited to, electro-
magnetic, optical, or any suitable combination thereof. A
computer readable signal medium may be any computer
readable medium that 1s not a computer readable storage
medium and that can communicate, propagate, or transport
a program for use by or in connection with an instruction
execution system, apparatus, or device.

Program code embodied on a computer readable medium
may be transmitted using any appropriate medium, includ-
ing but not limited to wireless, wireline, optical fiber cable,
RFE, etc., or any suitable combination of the foregoing.

Computer program code for carrying out operations for
aspects of the present mvention may be written 1n any
combination of one or more programming languages,
including an object oriented programming language such as
Java, Smalltalk, C++ or the like and conventional procedural
programming languages, such as the “C” programming
language or similar programming languages. The program
code may execute entirely on the user’s computer, partly on
the user’s computer, as a stand-alone soiftware package,
partly on the user’s computer and partly on a remote
computer or entirely on the remote computer or server. In the
latter scenario, the remote computer may be connected to the
user’s computer through any type of network, including a
local area network (LAN) or a wide area network (WAN), or
the connection may be made to an external computer (for
example, through the Internet using an Internet Service
Provider).

Aspects of the present invention are described below with
reference to flowchart 1llustrations and/or block diagrams of
methods, apparatus (systems) and computer program prod-
ucts according to embodiments of the mvention. It will be
understood that each block of the flowchart illustrations
and/or block diagrams, and combinations of blocks 1n the
flowchart 1llustrations and/or block diagrams, can be 1mple-
mented by computer program instructions. These computer
program 1nstructions may be provided to a processor of a
general purpose computer, special purpose computer, or
other programmable data processing apparatus to produce a
machine, such that the instructions, which execute via the
processor of the computer or other programmable data
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processing apparatus, create means for implementing the
functions/acts specified in the flowchart and/or block dia-
gram block or blocks.

These computer program instructions may also be stored
in a computer readable medium that can direct a computer,
other programmable data processing apparatus, or other
devices to function 1n a particular manner, such that the
instructions stored in the computer readable medium pro-
duce an article of manufacture including istructions which
implement the function/act specified 1n the tflowchart and/or
block diagram block or blocks.

The computer program instructions may also be loaded
onto a computer, other programmable data processing appa-
ratus, or other devices to cause a series ol operational steps
to be performed on the computer, other programmable
apparatus or other devices to produce a computer 1imple-
mented process such that the instructions which execute on
the computer or other programmable apparatus provide
processes for implementing the functions/acts specified in
the flowchart and/or block diagram block or blocks.

Embodiments of the mvention may be provided to end
users through a cloud computing infrastructure. Cloud com-
puting generally refers to the provision of scalable comput-
Ing resources as a service over a network. More formally,
cloud computing may be defined as a computing capability
that provides an abstraction between the computing resource
and 1ts underlying technical architecture (e.g., servers, stor-
age, networks), enabling convenient, on-demand network
access to a shared pool of configurable computing resources
that can be rapidly provisioned and released with minimal
management effort or service provider interaction. Thus,
cloud computing allows a user to access virtual computing
resources (e.g., storage, data, applications, and even com-
plete virtualized computing systems) 1 “the cloud,” without
regard for the underlying physical systems (or locations of
those systems) used to provide the computing resources.

Typically, cloud computing resources are provided to a
user on a pay-per-use basis, where users are charged only for
the computing resources actually used (e.g., an amount of
storage space used by a user or a number of virtualized
systems 1nstantiated by the user). A user can access any of
the resources that reside in the cloud at any time, and from
anywhere across the Internet. In context of the present
invention, a user may access applications or related data
available 1n the cloud. For example, the compute nodes or
hosts used to create a stream application may be virtual or
physical machines maintained by a cloud service provider.
Doing so allows a user to send data to the stream application
from any computing system attached to a network connected
to the cloud (e.g., the Internet).

FIGS. 1A-1B illustrate a computing infrastructure con-
figured to execute a stream application, according to one
embodiment of the invention. As shown, the computing
infrastructure 100 includes a management system 105 and a
plurality of hosts 130, ,—1.e., compute nodes—which are
communicatively coupled to each other using one or more
communication devices 120. The communication devices
120 may be a server, network, or database and may use a
particular communication protocol to transfer data between
the hosts 130, _,. Although not shown, the hosts 130, _, may
have internal communication devices for transferring data
between PEs located on the same host 130. Also, the
management system 105 1ncludes an operator graph 132 and
a scheduler 134 (1.e., a stream manager). As described 1n
greater detail below, the operator graph 132 represents a
stream application beginning from one or more source
operators through to one or more sink operators. This tlow
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from source to sink 1s also generally referred to herein as an
execution path. Typically, processing elements receive an
N-tuple of data attributes from the stream as well as emit an
N-tuple of data attributes into the stream (except for a sink
operator where the stream terminates or a source operator
where the stream begins). Of course, the N-tuple received by
a processing clement need not be the same N-tuple sent
downstream. Additionally, the processing elements could be
configured to receive or emit data in formats other than a
tuple (e.g., the processing elements could exchange data
marked up as XML documents). Furthermore, each process-
ing element may be configured to carry out any form of data
processing functions on the received tuple, including, for
example, writing to database tables or performing other
database operations such as data joins, splits, reads, etc., as
well as performing other data analytic functions or opera-
tions.

The scheduler 134 may be configured to monitor a stream
application running on the hosts 130, _,, as well as to change
the deployment of the operator graph 132. The scheduler
134 may, for example, move PEs from one host 130 to
another to manage the processing loads of the hosts 130, _,
in the computing infrastructure 100.

FIG. 1B 1illustrates an example operator graph 132 that
includes ten processing elements (labeled as PE1-PE10)
running on the hosts 130, _,. A processing element 1s com-
posed of one or more operators fused together into an
independently runming process with its own process 1D
(PID) and memory space. In cases where two (or more)
processing elements are running imdependently, inter-nodal
communication may occur using a network socket (e.g., a
TCP/IP socket). However, when operators are fused
together, the fused operators can use more rapid intra-nodal
communication protocols, such as shared memory, for pass-
ing tuples among the joined operators 1n the fused process-
ing clements.

As shown, the operator graph begins at a source 133 (that
flows 1nto the processing element labeled PE1) and ends at
sink 140, _, (that flows from the processing elements labeled
as PE6 and PE10). Host 130, includes the processing ele-
ments PE1, PE2, and PE3. Source 135 flows into the
processing element PE1, which 1n turn emaits tuples that are
received by PE2 and PE3. For example, PE1 may split data
attributes received 1n a tuple and pass some data attributes to
PE2, while passing other data attributes to PE3. Data that
flows to PE2 1s processed by the operators contained in PE2,
and the resulting tuples are then emitted to PE4 on host 130,,.
Likewise, the data tuples emitted by PE4 flow to sink PE6
140,. Similarly, data tuples flowing from PE3 to PES also
reach sink PE6 140,. Thus, in addition to being a sink for
this example operator graph, PE6 could be configured to
perform a join operation, combimng tuples received from
PE4 and PES. This example operator graph also shows data
tuples tlowing from PE3 to PE7 on host 130, which 1tselt
shows data tuples flowing to PE8 and looping back to PE7.
Data tuples emitted from PE8 tlow to PE9 on host 130,,
which i turn emits tuples to be processed by sink PE10
140,.

Furthermore, although embodiments of the present inven-
tion are described within the context of a stream application,
this 1s not the only context relevant to the present disclosure.
Instead, such a description 1s without limitation and 1s for
illustrative purposes only. Of course, one of ordinary skill 1n
the art will recognize that embodiments of the present
invention may be configured to operate with any computer
system or application capable of performing the functions
described herein. For example, embodiments of the mmven-
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tion may be configured to operate 1n a clustered environment
with a standard database processing application.

FIG. 2 1s a more detailed view of a host 130 of FIGS.

1A-1B, according to one embodiment of the invention. As
shown, the host 130 includes, without limitation, at least one
CPU 205, a communication adapter 215, an interconnect
220, a memory 2235, and storage 230. The host 130 may also
include an I/O devices interface 210 used to connect I/O
devices 212 (e.g., keyboard, display and mouse devices) to
the host 130.

Each CPU 2035 retrieves and executes programming
instructions stored in the memory 225. Similarly, the CPU
205 stores and retrieves application data residing in the
memory 223. The interconnect 220 1s used to transmit

programming 1instructions and application data between
cach CPU 205, I/O devices terface 210, storage 230,
communication adapter 2135, and memory 225. CPU 205 1s
representative of a single CPU, multiple CPUs, a single CPU
having multiple processing cores, and the like. The memory
225 1s generally included to be representative of a random
access memory (e.g., DRAM or Flash). Storage 230, such as
a hard disk drive, solid state device (SSD), or tflash memory
storage drive, may store non-volatile data. The communi-
cation adapter 215 (e.g., a network adapter or query engine)
facilitates communication with one or more communication
devices 120 that use a particular communication protocol,
such as TCP/IP, RDMA protocols, a shared file system
protocol, and the like.

In this example, the memory 225 includes multiple pro-
cessing elements 235. Each PE 2335 includes a collection of
tused operators 240. As noted above, each operator 240 may
provide a small chunk of executable code configured to

process data flowing into a processing element (e.g., PE 235)
and to emit data to other operators 240 1n that PE 235 or to
other processing elements 1n the stream application. PEs 2335
may be allocated to the same host 130 or located on other
hosts 130 and communicate via the communication devices
120. In one embodiment, a PE 235 can only be allocated to
one host 130.

A PE 235 may also include constraints 255 that govern, at
least partially, how the scheduler 134 determines a candidate
host 130 for a PE 23S5. For example, a constraint 255
associated with a PE 235 or operator 240 may comprise
“1solation” which stipulates that the associated operator 240
cannot share a host 130 with any other PE 235, “co-location”
which stipulates that multiple PEs 235 in a group must
execute on the same host 130, “ex-location” which stipulates
that multiple PEs 2335 1n a group cannot execute on the same
host 130, “explicit host” which stipulates that a PE 2335 must
be located on a specific host 130 (e.g., host 130,), “non-
relocatable” which stipulates that a PE 235 cannot be
relocated after being allocated to a host 130, “override”
which stipulates that which host 130 must be allocated to
which PE 235 and overrnides any previous constraints,
“indexing the hostpool” which stipulates the host 130 that
will execute the PE 235 based on an index value of the
hostpool, and the like. Other constraints 255 may be asso-
ciated with the host 130 instead of the PE 235 or operator
240 such as “overloaded host” which stipulates a maximum
number of PEs 235 that may be allocated to the host 130, or
“scheduling state” which stipulates whether the host 130 1s
in a state that supports hosting a new PE 235. However,
constraints 255 are not limited to the elements discussed
above but may be associated with other elements of the
stream application which are considered by the scheduler

134 when allocating PEs 235 to hosts 130.
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The example constraints 255 listed above are not intended
to be an exhaustive list of all possible constraints 255.
Instead, one of ordinary skill in the art will recognize that the
embodiments disclosed herein may be used with many
different techniques of specifying which host 130 1s to be
allocated to a particular PE 235 or operator 240.

FIG. 3 1s a more detailed view of the management system
105 of FIG. 1, according to one embodiment of the imven-
tion. As shown, management system 105 includes, without
limitation, at least one CPU 305, communication adapter
315, an mterconnect 320, a memory 325, and storage 330.
The client system 130 may also include an I/O device
interface 310 connecting I/O devices 312 (e.g., keyboard,
display and mouse devices) to the management system 105.

Like CPU 205 of FIG. 2, CPU 305 1s configured to

retrieve and execute programming instructions stored in the
memory 325 and storage 330. Similarly, the CPU 305 1s
configured to store and retrieve application data residing 1n
the memory 325 and storage 330. The interconnect 320 1s
configured to move data, such as programming instructions
and application data, between the CPU 305, I/O devices
interface 310, storage unit 330, communication adapters
315, and memory 325. Like CPU 205, CPU 303 1s included
to be representative of a single CPU, multiple CPUs, a single
CPU having multiple processing cores, and the like.
Memory 3235 1s generally included to be representative of a
random access memory. The communication adapter 315 1s
configured to transmit data via the communication devices
120 to the hosts 130 using any number of communication
protocols. This may the same or different communication
protocol used by the PEs 235 to transmit data. Although
shown as a single unit, the storage 330 may be a combination
of fixed and/or removable storage devices, such as fixed disc
drives, removable memory cards, optical storage, SSD or
flash memory devices, network attached storage (NAS), or
connections to storage area-network (SAN) devices. The
storage includes a primary operator graph 335. The primary
operator graph 335, like the one 1illustrated in FIG. 1B,
defines the arrangement of the processing elements, as well
as the execution path use by processing element 235 to
communicate with a downstream processing element 235.

The memory 325 may include a scheduler 134 that
manages one or more hostpools 327. A hostpool 327 may be
associated with a particular PE 235, operator 240, or more
generally, a job. For example, an application developer may
assign a hostpool 327 for each job, thereby associating each
PE 235 in that job to the hostpool 327. Alternatively, the
developer or scheduler 134 may individually assign each PE
2335 or operator 240 to a hostpool 327. In one embodiment,
the PE 235 may be associated with one or more hostpools
327 but each operator 240 1n the PE 235 may be assigned to
only one hostpool 327. The hostpool 327 may also have a
predetermined size that stipulates how many hosts 130 may
be “pinned” or assigned to the hostpool. This prevents the
scheduler 134 from pinning too many hosts 130 to a host-
pool 327 to the detriment of other jobs that may be sharing
the same computer infrastructure 100. Further, in one
embodiment, a hostpool 327 may be indexed much like an
array. For example, host 130, and host 130, are pinned to
Hostpool_A, Hostpool_A[0] may reference host 130, while
Hostpool _A[1] references host 130,. Alternatively, the hosts
130, , may be pinned to a particular index value based on
what order the hosts 130, _, were pinned to the hostpool 327
or by a developer or compiler specifying that a particular
PE’s host should be located at a particular index value—i.e.,
the “indexing the hostpool” constraint 255.
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Other constraints 255 may be associated with the host-
pools 327 such as “maximum size” which limits the number
of hosts 130 that may be assigned to the hostpool 327,
“tagged requirements” which are discussed 1in FIGS. 4A-B,
“exclusive hostpool” which stipulates that the hosts 130 1n
the hostpool 327 may not be used by any other PEs 235 in

any other jobs, and the like.

FIGS. 4A-4B 1illustrate tables detailing the assignment of
hosts to hostpools, according to embodiments of the inven-
tion. Specifically, FIG. 4A illustrates tables that identify
potential host candidates for a hostpool 327. Table 405 lists
hosts 130 (Hosts A-F) that are available to a stream appli-
cation. Each of the hosts 130 are assigned with a character-
istic tag. The tag represents a characteristic of the host 130
such as whether the host 130 has high-memory, multiple
processor cores, 1s compatible with a high-speed communi-
cation protocol, recently upgraded, a specific type of pro-
cessor, a specific operating system, and the like. Moreover,
the tag may abstract one or more characteristics by using a
simple code word or number. For example, red may indicate
a high-memory host 130 while green 1s a host 130 that has
recently been upgraded and has a specific type of processor.
Moreover, a host 130 may have multiple tags if it has more
than one of the tagged characteristics. For example, Host C
and D both have two tags. Additionally, a host 130 may not
be assigned any tag or given a default tag 1f 1t does not have
any of the tagged characteristics.

Table 410 lists three hostpools 327 (Hostpools 1-3) that
have a predetermined size and tag. The size indicates the
maximum number of hosts 130 that may be pinned to the
hostpool 327. In one embodiment, the tag may be used to
indentily hosts 130 that are eligible to be included 1nto the
hostpool 327. For example, a developer may stipulate that a
PE 235 must be executed by a high-memory host 130—i.¢.,
the PE 235 must be allocated to a host 130 with a certain
characteristic. Accordingly, the developer or scheduler 134
may associate the PE 235 with a hostpool 327 that has the
tag that corresponds to the high-memory characteristic.
When determining candidate hosts for the PE 235, the
scheduler 134 may match the tag of the hostpool 327 1n
Table 410 with the tag of the host 130 1n Table 405.

Table 415 lists the possible hosts 130 that may be matched
with each hostpool 327 by matching the tag constraint. Hosts
A, B, or C may be pinned to Hostpool 1, Hosts C, E, or F
may be pinned to Hostpool 2, and Host D may be pinned to
Hostpool 3.

FIG. 4B depicts tables that illustrate the issues that arise
when assigning PEs with constraints to hosts. Table 420 pins
cligible hosts 130 to a hostpool 327. In this case, a host 130
1s pinned based on at least two constraints 2535 associated
with the hostpool 327: whether it has a matching tag and
whether the size of the hostpool 327 1s met. As used herein,
criteria are different than constraints 255, If a host 130 does
not meet a constraint 255, the PE cannot be allocated to 1it.
However, the scheduler 134 may use criteria to choose
between multiple hosts that satisiy the constraints 255. For
example, the scheduler 134 may use criteria such as select-
ing the host 130 with the most available processing power or
selecting the highest ranked host from a predetermined
ranking as the host 130 to pin to the hostpool 327 11 there are
multiple hosts 130 that satisiy the constraints 255.

For the sake of simplicity, the criterion used 1n Table 420
to choose between the multiple hosts 130 that satisty the
constraints 2355 was alphabetical ordering of the hosts’
labels. In this manner, Hosts A and B are pinned to Hostpool
1, Hosts C, D, and E are pinned to Hostpool 2, and Host D
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1s pinned to Hostpool 3. Note that a host 130 may be pinned
in multiple hostpools 327 so long as 1t matches the host-
pool’s tag.

Table 4235 lists possible constraints 255 that may be
assoclated with PEs 235. As shown, each PE 235 1s indi-
vidually assigned to a particular hostpool 327 as well as
being associated with at least one constraint 255. However,
in one embodiment, a PE 235 may not have any constraints
2355 or have multiple constraints 255. Because PE 1 and PE
2 are associated with the same co-located group, they must
be allocated to the same host 130. PEs 2-5 are associated
with the same ex-located group and thus cannot share the
same host 130. That 1s, PE 2-5 must be allocated to diflerent
hosts 130 relative to each other but may be allocated to share
a host with a PE 233 not in ex-located Group 1.

Applying the constraints 255 of Table 425 to the hostpools
and pinned hosts of Table 420 show that 1t 1s an nvalid
assignment. Specifically, PE 1 and 2 must be located on the
same host 130 but are assigned to two different hostpools
327 that do not have any pinned hosts 130 in common. To
fix this problem, Host B 1n Hostpool 1 may be replaced with
Host C since Host C has the necessary tags to be eligible for
both Hostpool 1 and 2. In this manner, both PE 1 and PE 2
may be allocated to the same host 130—i.e., Host C.

However, this does not solve all the constraints 255. PE
2-5 must be allocated to separate hosts 130. Specifically PE
2. 4, and 5 are 1n Hostpool 2 and must each use a separate
host 130; however, because Host D 1s 1n Hostpool 2, one of
PE 2, 4, or 5 must be allocated to Host D which 1s also
allocated to PE 3. To solve this problem, Host D in Hostpool
2 may be replaced by Host F. Table 430 lists one solution
that satisfies both constraints 255—i.¢., the tag characteris-
tics required by the hostpools 327 and the ex-locate or
co-locate groups associated with the PEs 235. PE 1 may be
allocated to either Host A or C. PEs 2, 4, and 5 may be
allocated to Hosts C, E, or F but cannot share a host 130. PE
3 1s allocated to Host D.

FIG. 5 1s a flow diagram 1llustrating the assignment of one
or more hosts to a hostpool, according to embodiments of
the invention. The technique 500 1llustrated in FIG. 5 avoids
the 1ssues shown 1n the tables of FIG. 4. The hostpool 327
provides a developer flexibility to add constraints 235 to a
PE 235 yet without having to assign each individual PE 235
to a specific host 130. Specifically, the technique waits to pin
the host 130 to the hostpool 327 after the candidate hosts are
found and the constraints 2535 have been satisfied.

At block 505, the scheduler 134 selects a PE 235 to
allocate to a host 130. The scheduler may select a PE 235
that 1s associated with a job or choose a PE 235 based on the
expected dithiculty of placing the PE 235 on a host—i.e., the
PE 235 1s associated with the most number of constraints.
However, this invention 1s not limited to a particular method
of selecting a PE from the plurality of PEs that may make up
a stream application. In one embodiment, at block 505, the
scheduler 134 may use the techniques disclosed i an
application by the same inventor that 1s co-pending with the

current application entitled “DYNAMICALLY CONFIGU-
RABLE PLACEMENT ENGINE” application Ser. No.
13/308,800 (which 1s herein mncorporated by reference) for
selecting the appropriate PE 235.

At block 510, the scheduler 134 determines the candidate
hosts that may be assigned to a hostpool 327. That 1s, after
selecting the PE 235, the scheduler 134 may determine the
available hosts 1n the computing infrastructure 100 that may
be pinned to the hostpool 327 assigned to the PE 235. In one
embodiment, the scheduler 134 1dentifies the hosts 130 that
have a similar tag to that of the hostpool 327. As mentioned
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above, the tags on the hosts 130 may represent a specific
characteristic or group of characteristics of the host 130.

In one embodiment, the hostpool 327 may be exclusive—
1.e., only the processing elements 235 that have the tag
associated with the hostpool 327 can be allocated to com-
pute nodes or hosts 130 pinned to the hostpool 327. Stated
differently, the hosts 130 1n an exclusive hostpool cannot be
used by PEs 235 that do not have a tag that 1s associated with
the hostpool. Alternatively or additionally, PEs 235 for
previous or subsequent jobs are also unable to use the hosts
130 assigned to an exclusive hostpool 327, regardless 11 they
have the appropriate tag or not.

Candidate hosts may also be found by using other con-
straints 255 besides similar tags. In one embodiment, the
scheduler 134 may select hosts 130 as candidate hosts only
i they are not exclusively being used by other stream
applications or jobs. One of ordinary skill in the art will
recognize the different constraints 255 that may be used to

exclude particular hosts of 1n a computing system.

At block 515, the candidate hosts found 1n block 510 are
turther compared to the constraints 2535 associated with the
selected PE 235. For example, 11 the selected PE 235 must
be co-located with a second PE 235, the scheduler 134 may
determine whether the second PE 235 has already been
allocated to a host 235. If so, all other candidate hosts may
be eliminated except the host 130 that 1s allocated to the
second PE 235. Siumilarly, 11 the constraint 255 1s to 1solate
the selected PE 235, then the candidate hosts may be
selected from the hosts 130 that do not have any other PEs
235 located on them. Alternatively, 1if a constraint 2535
requires that the selected PE 235 be ex-located with the
second PE 235, then the scheduler 134 may not consider as
candidate host the host 130 where the second PE 235 is

allocated.

In one embodiment, the scheduler 134 may consider a
plurality of constraints 255. For example, the selected PE
may be co-located with a second PE 235 but ex-located with
a third PE 235——<¢.g., PE 2 of Table 425. The scheduler 134
would then narrow the candidate hosts using both of these
constraints 255.

In one embodiment, the constraints 235 may include a
constraint 255 of the host 130; for example, 1t the host 130
1s overloaded. If the scheduler 134 has already allocated the
maximum number of PEs 2335 to the host 130 then 1t may be
removed from consideration as a candidate host. Accord-
ingly, the scheduler 134 may consider constraints 255 asso-
ciated with a host 130 along with one or more constraints
255 assigned to a PE 235 or operator 240.

Although blocks 510 and 515 are shown as two distinct
blocks, 1n some embodiments, one or more constraints 255
associated with a PE 235, operator 240, or host 130 may be
also considered when determining the candidate hosts. That
1s, some constraints 255 may be used to find the candidates
hosts (1.e., block 510) while other constraints 255 are used
to find a suitable host (1.e., block 515).

FIG. 6 1llustrates a constraint tree for applying constraints,
according to one embodiment of the invention. Notably, a
constraint tree 600 1s only one technique of determining i1 a
host 130 satisfies all the constraints 255. The constraint tree
600 divides up the different structures 1n a stream application
into multiple levels to form a hierarchical relationship. The
top level—Level A—represents the relationship between
PEs. Level B includes the constraints that may be assigned
to an individual PEs 235. As mentioned previously, a PE 235
may have one or more fused operators 240 which are

represented by Level C of the tree 600.
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In one embodiment, each operator 240 associated with a
PE 235 1s assigned to only one hostpool 327 while a PE 235
may be associated with one or more hostpools 327. Level D
shows that the operators 240 associated with PE,, are each
associated with only one hostpool 327. However, the opera-
tors 240 may be associated with the same hostpool 327.
Finally, each hostpool 327 may include one or more hosts
130—i.e., Level E. For the sake of clanty, many of the
hierarchical relationships of the different levels, such as the
operators associated with PE, and PE,, are omitted from the
figure.

In one embodiment, the scheduler 134 may use the
constraint tree 600 to determine suitable hosts—i.e., hosts
130 that meet Level A-E constraints. The constraint tree 600
1s a graphical representation of the diflerent types of con-
straints that may be used to allocate the selected PE 235 to
a host 130. That 1s, each constraint tree 600 may look
different for each PE 235. Each level represents different
types of constraints that may be checked by the scheduler
134. For a currently selected PE 2335, the scheduler 134 may
apply Level E constraints—i.e., constraints 233 associated
with hosts 130. For example, the scheduler 134 may apply
Level E constraints such as whether the host 130 15 over-
loaded or 1f the host 130 1s being used exclusively by a
different job other than the current one selected at Level A.
After determining which hosts 130 meet Level E constraints,
the scheduler 134 may return to Level D to apply Level D
constraints, such as whether the hosts 130 selected from
Level E have the same tag as the Level D hostpool 327 or
if the size requirements of the hostpool 327 have been met.
After applying Level D constraints, the scheduler 134
returns the candidate hosts to Level C—i.e., block 510 of
FIG. 5.

For each of the operators 240 1n the selected PE 235, the
scheduler 134 may apply Level C constraints associated
with the operators 240 such as whether the operators 240
must run on a specific host 130 or whether one of the
operators 240 should be the only operator 240 running on the
host 130. The scheduler 134 checks the Level C constraints
for each of the operators 240 against the candidate hosts
returned from Level D. The hosts 130 that satisty the
constraints 235 for at least one of the operators 240 are
returned to Level B where the Level B constraints are
applied. For example, the scheduler 134 may perform an
Intersect function to determine 1f any of the hosts 130 that
satisly all of the constraints of at least one of the operators
240 of Level C also satisfies all the constraints 255 of all of
the operators 240. Additionally or alternatively, the Level B
constraints may include determiming whether the PE 235 1s
non-relocatable or i1 there 1s a host 130 that overrides any of
the other constraints 255.

After determining which host or hosts 130 satisty the
constraints for Levels B-E, the scheduler 134 determines
whether the hosts 130 also satisty the constraints of Level A
such as ex-locate or co-locate. That 1s, if PE, (e.g., the
currently selected PE) and PE, must be co-located, then at
Level A the scheduler 134 may perform an Intersect function
to determine whether the two PEs 235 have at least one host
130 1n common that meets all the Level B-D constraints for
the respective PEs 235. If so, that host or hosts 130 become
the suitable hosts for PE,—i.e., block 520 of FIG. 5. In this
manner, the scheduler 134 may use the constraint tree 600 to
ensure that all constraints 255 are satisfied to 1identity at least
one suitable host for a selected PE 235.

Returning to FIG. 5, 1f after applying the constraints 255
to the candidate hosts, the scheduler 134 1s unable to find at
least one suitable candidate at block 520 then the assignment
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of that stream application fails—i.e., the scheduler 134
1ssues a fault at block 3355. For example if the selected PE
235 must be co-located with a second PE 235 but the host
130 for the second PE 235 1s not a candidate host (e.g., does
not have a similar tag to the hostpool 327 associated with the
selected PE 235) then the stream application reports a
failure. In one embodiment, the failure of the scheduler 134
to allocate one PE 235 to a host 130 causes the entire
assignment of the stream application to fail. That 1s, the
current constraints 253 prevent the stream application from
executing. In another embodiment, the scheduler 134 may
use the techniques disclosed 1n an application by the same

inventor that 1s co-pending with the current application
entitled “CANDIDATE SET SOLVER WITH USER

ADVICE” application Ser. No. 13/308,881 (which 1s herein

incorporated by reference) for overcoming a fault and plac-
ing every PE 235 in the stream application onto a suitable
host.

At block 525, the scheduler determines 1f there are
multiple suitable hosts. As used herein, a “suitable host™ 1s
a host 130 that meets all the constraints 255 of the stream
application which, 1n one embodiment, may include con-
straints 255 associated with the hostpool 327, PE 235, or
operator 240. Because more than one of the candidate hosts
selected 1n block 510 may meet the constraints applied 1n
block 515, the scheduler 134 may choose between the
suitable hosts at block 533 based on one or more criteria. In
one embodiment, the scheduler 134 may select the suitable
host with the lowest usage of CPU or the suitable host that
uses the fastest communication protocol for inter-host com-
munications. In another embodiment, the scheduler 134 may
select the suitable host that the PE 233 has previously been
allocated during a different job or instance of the same job.
Alternatively, the host 130 may be chosen at random. In
another embodiment, the scheduler 134 may the use the

techniques discussed 1 the co-pending application
“DYNAMICALLY CONFIGURABLE PLACEMENT

ENGINE” application Ser. No. 13/308,800 which was men-
tioned previously. The mvention, however, 1s not limited to
any particular method of selecting a host 130 from a
plurality of suitable hosts.

However, if there 1s only one suitable host, the scheduler
may automatically allocate the selected PE 235 to that
suitable host.

At block 540, before pinning the suitable host to the
hostpool 327 associated with the PE 235, the scheduler 134
may first determine 1f the host 130 1s already pinned to the
hostpool 327. It not, the scheduler 134 may pin (or assign)
the suitable host to the hostpool 327. Part of this process may
require assigning an index value to the host 130 1n the
hostpool 327 which will be discussed below with reference
to FIG. 8. After pinning the suitable host or determining that
the suitable host 1s already 1included 1n the hostpool, at block
550 the technique 500 may be repeated for the next selected
PE 235. Spec1ﬁcally, the technique 500 may continue for
cach PE 235 in the stream application.

FIG. 7 1s a flow diagram illustrating the process of
determining candidate hosts for a processing element,
according to one embodiment of the invention. Specifically,
FIG. 7 describes in more detail block 510 of FIG. 5 which
determines the candidate hosts for a hostpool 327. At block
705, the scheduler 134 1dentifies the hostpool 327 associated
with the selected PE 235 and determines eligible hosts for
that hostpool 327. For example, the scheduler 134 may use
the tags assigned to both the hostpool 327 and the hosts 130
to 1dentily the eligible host.
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In one embodiment, the tag may be associated with only
the selected PE 2385 rather than the hostpool 327 or with both
the selected PE 235 and the hostpool 327. In this manner, the
PE 235 could be matched with the host 130 that has 1ts
required characteristics. For example, if the tag assigned to
the PE 235 1s based on a requirement for executing the PE
235 when the stream application 1s operating as designated
by a stream application developer—e.g., required processor
speeds, availability, memory needs, etc.—then the assigned
tag may match a tag from a host 130 that can meet the need
of the selected PE 233. Further, 11 only one hostpool 327 1s
associated with the selected PE 235, then by consequence of
matching a host 130 to the PE 235, the host 130 1s also
matched to the corresponding hostpool 327. Accordingly, as
used herein “eligible hosts™ refer to hosts 130 that have tags
that match the tag of either the selected PE 235 or its
corresponding hostpool 327.

At block 710, the scheduler determines the current num-
ber of hosts 130 pinned to the hostpool 327. For example, i
other PEs 2335 associated with the current hostpool 327 have
already been allocated to a host 130, thereby pinning the
host 130 to the hostpool 327, then the available slots of the
hostpool 327 have been decreased by the number of pinned
hosts 130.

In one embodiment, the hosts 130 pinned to the hostpool
327 may be divided into two categories: host 130 that are
“pinned but not slotted™, and hosts 130 that are “pinned and
slotted”. Pinned hosts that are not slotted means that the
hosts 130 do not need to be placed at a specific index value
in the hostpool 327. As mentioned previously, a hostpool
327 may be indexed much like a data array such that, for
example, hostpool_A[0] references Host D while host-
pool_A[1] references Host A. This causes the associated
hosts to become slotted. For some stream applications, a PE
235 may be assigned to a host 130 1n a hostpool 327 that
corresponds to the specific index value—e.g., 0, 1, 2, 3, etc.
up to the maximum size of the hostpool 327. In this manner,
a developer may 1nstruct the scheduler 134 to allocate a PE
235 to the host 130 pinned at hostpool[N], where N 1s an
index value of the hostpool 327. Once that PE 235 is
selected, the scheduler 134 may proceed with the technique
500 of FIG. 5 and find a suitable host. That host 130 would
then be pinned at hostpool[N] as specified by the developer.
The ex-locate or co-locate constraints may also be used to
also achieve hostpool indexing. For example, 1f the devel-
oper wants both PE1 and PE2 to be co-located on a host 130,
the compiler may choose to index that host 130 at Host-
pool_A[3]. The scheduler 134 finds a suitable host that
satisfies the constraints 255 of PE1, PE2, and Hostpool A
and then assigns that host 130 to Hostpool_A[3]. Neither the
developer nor the compiler need to know which actual host
will be referenced by Hostpool_A[3]. Instead the scheduler
134 determines the particular host to index (or slot) 1n
Hostpool _A[3] when establishing the stream. In this man-
ner, the hostpool 327 saves the developer the time needed to
assign each host 130 to a PE 233. Instead, the developer
need only provide the constraints 255 to the scheduler 134
which then sorts through the constraints 255 (and criteria it
necessary) to determine whether there 1s a suitable host.

In one embodiment, when a host 130 1s added to either the
pinned but not slotted or pinned and slotted host sets, 1t 1s
considered a member of the hostpool 327 and counts against
the maximum limit of hosts 130 that may be pinned to the
hostpool 327 as defined by the size of the hostpool 327.
Accordingly, when determining the current occupancy of a
hostpool 327, the scheduler may use the union of the pinned
but not slotted and the pinned and slotted host sets.
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In one embodiment, the hostpool 327 may include meth-
ods for maintaining the two different types of pinned hosts
130. For example, both the pinned but not slotted and the
pinned and slotted hosts 130 are eligible hosts for the
hostpool 327, but a host 130 cannot be both a pinned/slotted
host 130 and a pinned/not slotted host 130. Moreover, a host
130 may be changed to a different type. Assume that Host B
1s already pinned but not slotted to Hostpool A (1.e., Host B
1s “floating” 1n Hostpool A without a particular index value),
but the currently selected PE 235 requires 1ts host to be at
index value 2. If Host B meets the constraints 235 of the
current PE 235, the scheduler 134 may also slot Host B to
index value 2. As part of this process, the scheduler 134 may
add Host B to the pinned and slotted host set in Hostpool A
and remove 1t from the pinned but not slotted host set.

In one embodiment, 1f the scheduler 134 attempts to move
a pinned and slotted host 130 to a diflerent index value, this
may cause the assignment to fail. For example, assume that
the scheduler 134 previously allocated PE1 to Host D which
1s then pinned and slotted at HostpoolA[2]. Later, the
scheduler may try to allocate PE2, which must be co-located
with PE1, to HostpoolA[2]; however, 11 Host D does not
meet one of the constraints 255 associated with PE2, then
attempting to remove Host D from 1ts slot to replace it with
a host 130 that does meet the constraints 255 may cause the
assignment to fail. That 1s, in this embodiment, pinned and
slotted hosts cannot be moved.

At block 715, the scheduler 134 determines whether the
total number of pinned hosts 130 equals a maximum size of
the hostpool 327. If so, at block 720, the candidate hosts are
the hosts 130 already pinned 1n the hostpool 327. That 1s, the
scheduler 134 1s limited to only the pinned hosts when it
applies the constraints 255 1 block 515 of FIG. 5§ to
determine a suitable host. If the number of pinned hosts 1s
not yet equal to the size of the hostpool 327, at block 7235 the
scheduler 134 determines that the candidate hosts are all the
cligible host—i.e., all hosts 130 whose characteristics/tag
match the requirements of the PEs 235 1n the hostpool 327.
For example, a hostpool 327 may be limited 1n size to three
pinned hosts 130 but there may be 100 hosts 130 with the
same tag as the hostpool 327. If the size of the hostpool 327
1s less than three, then all 100 eligible hosts are candidate
hosts. However, 1t the size i1s met, there are only three
candidate hosts—i.e., the hosts 130 already pinned to the
hostpool 327.

In one embodiment, the hostpool 130 may have an
associated method that returns all possible hosts 130 that
may be pinned to a particular index value. 11 the scheduler
134 needs to determine what host may be at Hostpool[N],
wherein N 1s an index value, the method determines what
type of host 130 occupies that index value. If there 1s a host
130 that has been slotted for that index, then the method
returns only that host 130 as the candidate host. It there 1s
not a host 130 that has been slotted for that index and the size
of the hostpool 327 has been met, then the method returns
all the pinned but not slotted hosts 1n the hostpool 327 as the
candidate hosts for that index value. For example, i Host B
and C are both pinned but not slotted—i.e., Hosts B and C
are assigned to the hostpool but are floating without a
particular index value—in response to calling the method for
index 2, both Host B and C would be returned as possible
candidates. Because Hosts B and C are 1n the pinned but not
slotted host set, the scheduler 134 may slot Hosts B and C
to and 1ndex value.

If the host 130 at the index value 1s pinned but not slotted
and the size has not been met, the method returns all eligible
hosts except for the hosts 130 that are already pinned and
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slotted. Thus, the returned set of candidate hosts represents
all possible hosts 130 that may either be added to the

hostpool 327 at that index. In sum, 1 a PE 235 must be
allocated to a host at hostpool[N], the method returns to the
scheduler 134 only the subset of eligible hosts that may be
placed at that index value N. This method may be usetul
when 1n block 510 of FIG. 5 the scheduler 134 1s determin-
ing the candidate hosts when the scheduler 134 must handle
an 1ndexing constraint 255—1.e., ex-locate, co-locate, index-
ing the hostpool, efc.

FIG. 8 1s a flow diagram illustrating the process of
assigning or pinmng a host to an mndex value of a hostpool,
according to one embodiment of the invention. Specifically,
FIG. 8 describes in more detail block 545 of FIG. 5 which
pins a suitable host to the hostpool 327. At block 805, the
scheduler 134 may determine whether the suitable host has
an 1ndex constraint. As mentioned previously, an index
constraint may be directly coded into the stream application
by a developer or be assigned by a compiler in response to
an ex-locate or co-locate constraint. In either case, the
scheduler 134 may have already determined that the suitable
host has met this constraint 255.

If the constraint 255 1s satisfied, at block 810 the sched-
uler 134 may pin the suitable host to the specified index
value assuming that another pinned and slotted host does not
already occupy that index value. Additionally, the scheduler
134 may add the host 130 to the pinned and slotted host set
so that further assignments will not remove the host 130
from that index wvalue. Further, the scheduler 134 may
remove a pinned but not slotted host that 1s 1n the slot (or
index value) needed to satisiy the constraint. If the suitable
host 1s not associated with an index constraint, then the
scheduler may pin the suitable host to any index value that
1s not occupied by a pinned and slotted host. For example,
the index value may have been previously unoccupied or
may have been occupied by a pinned but not slotted host.
Further, the scheduler 134 may add the suitable host to the
pinned but not slotted host set.

CONCLUSION

The present embodiments establish a stream application
that may use relatively small chunks of executable code
configured to process data tuples tlowing into a processing
clement. A scheduler allocates the processing elements to
individual compute nodes or hosts for execution. However,
the stream application may assign various constraints that
stipulate which hosts are suitable for a particular processing
clement. To assign hosts to processing elements such that the
constraints are satisfied, the scheduler may use hostpools
associated with the processing elements. Once a host 1s
identified that satisfies the constraints, 1t may be pinned at a
particular mndex within the hostpool.

The flowchart and block diagrams 1n the Figures illustrate
the architecture, functionality, and operation ol possible
implementations of systems, methods and computer pro-
gram products according to various embodiments of the
present invention. In this regard, each block in the flowchart
or block diagrams may represent a module, segment, or
portion of code, which comprises one or more executable
instructions for 1mplementing the specified logical
function(s). It should also be noted that, in some alternative
implementations, the functions noted 1n the block may occur
out of the order noted 1n the figures. For example, two blocks
shown 1n succession may, 1n fact, be executed substantially
concurrently, or the blocks may sometimes be executed 1n
the reverse order, depending upon the functionality
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involved. It will also be noted that each block of the block
diagrams and/or flowchart 1llustration, and combinations of
blocks 1n the block diagrams and/or flowchart illustration,
can be mmplemented by special purpose hardware-based
systems that perform the specified functions or acts, or 35
combinations ol special purpose hardware and computer
instructions.

While the foregoing 1s directed to embodiments of the
present invention, other and further embodiments of the
invention may be devised without departing from the basic 10
scope thereof, and the scope thereof 1s determined by the
claims that follow.

What 1s claimed 1s:

1. A computer-implemented method to programmatically 15
allocate a processing element of a stream application to a
compute node, based on hostpools and a hierarchy of
constraints, the computer-implemented method comprising:

providing a plurality of processing elements of the stream

application, the plurality of processing elements includ- 20
ing the processing eclement and pertaining to a
requested compute job, wherein each of the plurality of
processing elements includes one or more operators
fused 1mto a single process uniquely identifiable via a
process 1dentifier and having an associated memory 25
space, wherein operators of different processing ele-
ments communicate via an inter-nodal communication
protocol, wherein operators of the same processing
clement communicate via an intra-nodal communica-
tion protocol; 30
providing an operator graph defiming an execution path
through the plurality of processing elements, the execu-
tion path specifying that at least one of the processing
clements receives data from at least one upstream
processing element and transmits data to at least one 35
downstream processing element, wherein the plurality
of processing elements are assignable to a plurality of
compute nodes 1 a distributed computing environ-
ment, the plurality of compute nodes including the
compute node; 40
providing a constraint tree defining the hierarchy of
constraints, the hierarchy of constraints including, for
cach of a plurality of levels of the stream application,
a respective constraint specific to the respective level,
the plurality of levels including a host level, a hostpool 45
level, an operator level, a processing-element level, and
an clement-relationship level;
providing, using a plurality of hostpools, support for
deferring assignment of processing elements until run-
time, which provides a greater measure of tlexibility in 50
assigning processing elements to compute nodes than 1s
afforded by assigning, prior to runtime, processing
clements to compute nodes 1n an absence of the plu-
rality of hostpools wherein providing the support
includes assigning, to the processing element, a host- 55
pool selected from the plurality of hostpools, each of
which has a distinct set of resource type requirements,
wherein the hostpool will define a set of compute nodes
that have been assigned to the plurality of processing

clements, wherein the constraint tree specifies one or 60

more resource type requirements of the hostpool at the

hostpool level of the hierarchy;
determining whether a number of compute nodes previ-
ously assigned to the hostpool 1s equal to a predeter-

mined size of the hostpool, wherein the predetermined 65

s1Zze 1s a maximum number of compute nodes that can

be assigned to the hostpool;
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determiming, during runtime and by operation of one or
more computer processors, a plurality of candidate
compute nodes 1n the distributed computing environ-
ment to dynamically assign to the hostpool, wherein the
constraint tree specifies a respective one or more
resource type requirements satisiied by each candidate
compute node at the host level of the hierarchy;

determiming, according to a predefined final selection
criterion, and based on a set of one or more hosting
constraints associated with the processing element and
specified by the constraint tree at the processing-ele-
ment level of the hierarchy, a final compute node from
the candidate compute nodes, the set of one or more
hosting constraints specifying whether multiple pro-
cessing elements 1n a specified group selected from the
plurality of processing eclements are permitted to
execute on the same hosting compute node;

assigning the processing element to the final compute

node via the hostpool, including pinning the final
compute node to the hostpool and slotting the final
compute node to a specific index within the hostpool;
and

subsequent to assigning the processing element to the

final compute node, generating a set ol results by
executing the stream application based on mput com-
prising a set of data records, wherein generating the set
of results includes incrementally generating each result
based on a respective data record while the respective
data record 1s in tlight, wherein the result 1s output.

2. The computer-implemented method of claim 1,
wherein the set of one or more hosting constraints comprise
at least one of a shared location on a candidate compute node
with a second processing element, a location on a candidate
compute node without any other processing element, a
location on a candidate compute node that 1s not shared by
the second processing element, a location on a candidate
compute node assigned to a specified index value of a
hostpool, and a location on a specified candidate compute
node.

3. The computer-implemented method of claim 1, turther
comprising:

determiming whether the final compute node should be

assigned to the specific index in the selected hostpool;

wherein 11 so, the final compute node 1s assigned, by a

scheduler, to the selected hostpool at the specific index.

4. The computer-implemented method of claim 1,
wherein the selected hostpool precludes assignment, to the
final compute node, of any processing elements not demand-
Ing a resource type requirement associated with the selected
hostpool.

5. The computer-implemented method of claim 1, further
comprising, after assigning the final compute node to the
hostpool, receiving streaming data to be processed by the
plurality of processing elements, wherein at least one of the
plurality of processing elements processes at least a portion
ol the received streaming data on the final compute node.

6. The computer-implemented method of claim 1,
wherein the plurality of candidate compute nodes includes:

(1) a first candidate compute node that 1s designated as a

candidate upon determining that: (A) the number of
computer nodes previously assigned to the hostpool 1s
equal to the predetermined size, (B) the hostpool and
the first candidate compute node share at least one
resource type, and (C) the first candidate compute node
1s from among the compute nodes previously assigned
to the hostpool; and
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(11) a second candidate compute node that 1s designated as
a candidate upon determining that: (A) the number of
computer nodes previously assigned to the hostpool 1s
less than the predetermined size and (B) the hostpool
and the second candidate compute node share at least
one resource type;

wherein the stream application provides a measure of
granularity with which a process tlow of data through
the stream application 1s controlled;

wherein the process flow of data through the stream
application being controlled comprises both: (1) which
operators are contained in the stream application and
(11) what order the operators are performed in, being
dynamically altered;

wherein the predefined final selection criterion comprises,
1in respective instances: (1) the candidate compute node
having a lowest processor utilization among the plu-
rality of candidate compute nodes; (11) the candidate
compute node configured to use a fastest communica-
tion protocol, among the plurality of candidate compute
nodes, for inter-host communications; and (i11) the
candidate compute node to which the processing ele-
ment was previously assigned for a prior instance of the
requested compute job.

7. The computer-implemented method of claim 6,
wherein the final compute node 1s determined by a manage-
ment system, wherein the management system includes the
operator graph and a scheduler, wherein the management
system 1s configured to perform the determining of the final
compute node based on:

(1) a co-location constraint stipulating that multiple pro-
cessing elements 1n a first specified group must execute
on the same hosting compute node;

(11) an 1solation constraint stipulating a location on a
candidate compute node without any other processing
element;

(111) an ex-location constraint stipulating that multiple
processing elements 1n a second specified group cannot
execute on the same hosting compute node;

(1v) an indexing constraint stipulating a location on a
candidate compute node assigned to a specified index
of a hostpool; (v) an override constraint stipulating a
location on a specified candidate compute node;

(v1) a non-relocatable constraint stipulating that the final
compute not cannot be relocated after assignment;

(vi1) an overloaded-host constraint stipulating a maximum
count of processing elements that can be assigned to the
final compute node for the processing element to be
assigned to the final compute node; and

(vin1) a scheduling-state constraint stipulating whether the
final compute node 1s 1n a state that supports a new
processing element being assigned to the final compute
node, the new processing element comprising the
assigned processing element.

8. The computer-implemented method of claim 7, further

comprising:

determining whether the final compute node should be
assigned to a specific index value in the selected
hostpool;

wherein 11 so, the final compute node 1s assigned, by the
scheduler, to the selected hostpool at the specific index
value.

9. The computer-implemented method of claim 8,
wherein the selected hostpool precludes assignment, to the
final compute node, of any processing elements not demand-
Ing a resource type requirement associated with the selected
hostpool;
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wherein the computer-implemented method further com-
prises, alter assigning the final compute node to the
selected hostpool, receiving streaming data to be pro-
cessed by the plurality of processing elements, wherein
at least one of the plurality of processing elements
processes at least a portion of the received streaming
data on the final compute node.

10. The computer-implemented method of claim 9,
wherein the processing element comprises a first processing
clement, wherein the computer-implemented method further
comprises performing an operation to establish the stream
application, the operation to establish the stream application
comprising:

selecting a current optimization mode from a plurality of

optimization modes based on at least one of a number
of optimization constraints, a type of each optimization
constraint, and a number of the plurality of compute
nodes;

selecting a second processing element from the plurality

of processing elements in the stream application, based
on at least one processing element selection critena.

11. The computer-implemented method of claim 10,
wherein the plurality of candidate compute nodes comprises
a first plurality of candidate compute nodes, wherein the
final compute node comprises a first final compute node,
wherein the operation to establish the stream application
further comprises:

determining, based on one or more optimization con-

straints and from among the plurality of compute
nodes, a second plurality of candidate compute nodes
to which the second processing element can be
assigned;

selecting, based on at least one compute node selection

criteria, a second final compute node from the candi-
date compute nodes, wherein each of the processing
clement selection criteria and the compute node selec-
tion criteria 1s determined by a current optimization
mode for the stream application; and

assigning the second processing element to the second

final compute node.

12. The computer-implemented method of claim 11,
wherein the processing element 1s assigned to the compute
node as part of a first assignment, wherein the operation to
establish the stream application further comprises, in a first
instance of attempting to perform an assignment other than
the first assignment:

upon detecting a failure to assign at least one of the

plurality of processing elements to at least one of the

plurality of compute nodes:

changing the current optimization mode to a different
optimization mode selected from a plurality of opti-
mization modes; and

restarting any assignment of the plurality of processing
clements 1n the stream application.

13. The computer-implemented method of claim 12,
wherein the operation to establish the stream application
further comprises, 1 a second instance of attempting to
perform an assignment other than the first assignment:

upon detecting a failure to allocate at least one of the

plurality of processing elements to at least one of the

plurality of compute nodes:

adding a random criteria into at least one of the
processing element selection criteria and the com-
puter node selection criteria, the random criteria
randomly determines (1) the compute node from the
candidate compute nodes or (11) to evaluate a differ-
ent criteria; and

e
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restarting any assignment of the plurality of processing
clements 1n the stream application.

14. The computer-implemented method of claim 13,
wherein the current optimization mode optimizes, 1n respec-
tive mstances: (1) a solvability of the stream application; (11)
a performance of the stream application; (111) a cost of
executing the stream application; and (1v) a cluster configu-
ration of the stream application; wherein the operation to
establish the stream application further comprises:

allocating each of the plurality of processing elements in

the stream application;

if the time spent allocating each of the plurality of

processing elements exceeds a threshold time, chang-
ing the current optimization mode to a different opti-
mization mode selected from the plurality of optimi-
zation modes; and

restarting any assignment of the plurality of processing

clements 1n the stream application.

15. The computer-implemented method of claim 14,
wherein 1n a given instance, before the processing element
being selected from the plurality of processing elements, the
current optimization mode 1s selected based further on a set
ol at least one of pre-defined element selection criteria and
compute node selection critena.

16. The computer-implemented method of claim 15,
wherein the compute node comprises a first compute node,
wherein the computer-implemented method further com-
prises performing an operation for a second allocation,
wherein performing the operation comprises:

comparing the first compute node to a first constraint

assoclated with the first level of the constraint tree, the
first constraint determining whether the first compute
node can be allocated to the processing element;
upon determining the first compute node does not satisiy
the first constraint, determining whether the first com-
pute node satisfies a second, diflerent constraint asso-
ciated with the second level of the constraint tree; and
determining a total number of unsatisfied constraints
associated with the first compute node regardless of
whether the first compute node satisfies the first and

second constraints.
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17. The computer-implemented method of claim 16,
wherein performing the operation further comprises:
determining for a second compute node a total number of
unsatisfied constraints regardless of whether the second
compute node satisfies the first and second constraints,
wherein the second compute node 1s compared to the
same constraints as that of the first compute node; and
prioritizing for display an indication of the first compute
node and an indication of second compute node based
on the total numbers of unsatisfied constraints for the
first compute node and second compute node, respec-
tively, wherein the processing element 1s communica-
tively coupled to at least one other processing element
located on a separate compute node in the operator
graph.
18. The computer-implemented method of claim 17,
wherein performing the operation further comprises:
upon determiming at least one of the first and second
compute nodes does satisly the second constraint,
transmitting for display a user action that at least one
of: (1) changes a condition, which causes the first or
second compute node to satisiy the first constraint and
(11) mstructs the first constraint to 1gnored.
19. The computer-implemented method of claim 18,
wherein after the user action 1s performed, the processing
clement 1s assigned to the at least one of first and second

compute nodes, wherein the plurality of processing elements
performs different tasks associated with the stream applica-
tion.

20. The computer-implemented method of claim 19,
wherein the user action does not change any source code of
the stream application, wherein the user action comprises, in
respective additional 1nstances of performing the operation:
(1) 1gnoring the first constraint; (11) satisfying the first
constraint by modilying a characteristic of the first compute
node; (111) modilying a job associated with the first compute
node; and (1v) restarting the first compute node.
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